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Introduction
Hafnium carbide (HfC) exhibits high thermodynamic stability with a melting point of ~3900 ºC, high hardness and Young' s modulus, as well as good thermomechanical and thermochemical properties [1] [2] [3] . Therefore, it is considered as a promising material for applications of high-temperature electrodes, cutting tools, rocket nozzles, nuclear reactor rods, space/air craft and thermal-field emitters [4] [5] [6] [7] .
Nevertheless, HfC exhibits a low fracture toughness (1.73-3.40 MPa m 1/2 ), which can limit its structural applications in extreme environments [2, [8] [9] . An effective way to enhance the fracture toughness of HfC is to incorporate secondary phase materials, such as silicon carbide (SiC) rods, BN, SiC ceramics, refractory metal (Tungsten) to form cermets and other high-temperature carbides, as attempted in some previous studies [10] [11] [12] [13] [14] [15] . Cheng et al [8] developed the HfC-SiC/graphite composites, which exhibit a high fracture toughness (9.1 ± 0.5 MPa m 1/2 ), however only in the direction perpendicular to their anisotropic lamellar microstructure. HfC-W cermets have a high fracture toughness of 13.7 ± 0.7 MPa m 1/2 , but at a cost of a higher weight and a lower ablation resistance [12, 13] . Carbon nanotubes (CNTs) have also been incorporated into HfC-MoSi2 [16] and SiC-ZrB2 [30] composites as a toughening phase, respectively.
However, CNTs can react with ceramic matrix and form a strong interfacial bonding, which is unfavorable for high toughness. Results from some previous studies also suggest that carbon as a soft phase could be a very effective component to add for improving fracture toughness in ceramics such as SiC [32] , ZrB2-SiC [36] and B4C [37] , but its potential has not been explored in HfC. 4 Furthermore, a sufficient material density needs to be ensured when improving the fracture toughness of HfC. HfC is difficult to sinter and densify due to the low self-diffusivity and strong covalent bonding of HfC. The fabrication of nanopowders and the addition of sintering aids are common approaches to enhance the sintering ability of ceramics. Nano carbon allotropes, disilicides or other carbides used as sintering aids have been reported for sintering of HfC [14] [15] [16] 18] . However, the introduction of these sintering aids have been found to also result in unfavorable microstructure changes, such as abnormal grain growth or formation of different surface defects on HfC grains with fast diffusion and mass transfer rate, which are detrimental to the intrinsic properties of HfC, such as high thermodynamic stability, melting point and good thermomechanical, as well as contribute to the limited fracture toughness of 2.8-4.0 MPa m 1/2 reported for the sintered material [2, 14] . The polymer-derived silicon carbonitride ceramics (SiCN) are scarcely reported as sintering aids for the synthesis of HfC. SiCN ceramics are composed of amorphous SiCN and amorphous carbon. Amorphous SiCN can decompose into carbon and SiC or Si3N4 phase at high temperature [19] , which can promote the sintering of the HfC ceramics. In addition, amorphous carbon can promote the densification of HfC by minimizing the oxidation of HfC nanoparticles surface [32] .
With the aim of enhancing densification and fracture toughness of HfC simultaneously, we start with a simple method of in-situ vacuum carbonization to synthesize uniform and ultra-fine HfC particles using nano glucose-derived hydrothermal carbon as carbon source as well as a template for HfC formation. The 5 resulting HfC nano-powders possess preferable nanostructure and stoichiometry, which allows to develop a unique composite microstructure comprising of multiple phases with graded hardness in the dense HfC samples using spark plasma sintering (SPS) with the help of a SiCN sintering aid. The microstructure and mechanical properties of the HfC powders and bulk samples were characterized and the underlying mechanisms for the improved density and fracture toughness are discussed.
The approach in this work also shed a light on the design of unique composition and microstructure in UHTC carbides for improved mechanical properties. Figure 1 Synthesis process of glucose-derived carbon precursor prepared by hydrothermal pyrolysis.
Experimental Procedure

Synthesis of the glucose-derived carbon precursor
For the synthesis of HfC nano-powders, glucose-derived carbon precursor with nanometer size and good dispersibility was prepared with glucose using hydrothermal pyrolysis, as schematically shown in Figure 1 . Firstly, 5 g anhydrous glucose (purity>99.5%, Sinopharm Chemical Reagent Co., Ltd, China) was dissolved in 50 6 mL deionized water followed by magnetic stirring for 1 h. Then, the formed precursor solution was transferred into a 50 mL Teflon-lined stainless steel autoclave with the filling capacity of 60 %, which was pre-heated in an oven at 180 ºC . The pyrolysis process of glucose was carried out at 180 º C for 4 h and the autoclave was cooled down naturally to the room temperature in the open air. Afterwards, the products were filtered and washed with deionized water and dehydrated alcohol for several times, then dried in the drying oven at 60 º C for 4 h. The final product was the glucose-derived nano-carbon precursor.
Synthesis of the HfC powders
To synthesize HfC nano-powders, a mixture of the above glucose-derived nano-carbon precursor and hafnium (Hf phase, purity>99 %, mean particle size of 1-2 μm, Shanghai Chao Wei Nano Technology Co. Ltd, China) powders with a mass ratio of mCarbon : mHf = 1 : 2 was loaded into an alumina boat with a cover. The over-stoichiometry of carbon is designed to facilitate the carbonization of Hf and control the particle size and distribution of HfC powders, as will be demonstrated in the results section. This boat was heated in vacuum atmosphere (10 -4 Pa) at 1300 °C , 1350 °C , 1400 °C , 1450 °C or 1500 °C for 2 h, and then cooled down to the room temperature. The resulting samples are referred from now on as sample #1, #2, #3, #4
and #5, respectively.
Spark plasma sintering (SPS) of the HfC powders
The HfC powders synthesized at 1450 °C (sample #4) were sintered by a SPS 
Characterization of the as-synthesized powders and sintered ceramics
The phase compositions of the as-prepared powders and sintered ceramics were (1)) [21] : (111) 2 (111) ( . %) = according to Eq. (2) [10, 36] given as:
where P is the applied load, N; χ is an empirical constant, H is the hardness, GPa; E is the Young's modulus, GPa and c represents the average crack length determined from the four radial cracks formed from indentations, m. 
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Phase composition and morphology of as-synthesized HfC powders
Eq. (3-7) describe the chemical reactions expected during the synthesis process. In addition, the peak intensity of the HfC phase increases with the increase of carbonization temperatures until 1450 °C , and that of HfO2 is highest at 1400 °C .
Between 1300 °C and 1400 °C , Hf and HfC can be oxidized to form considerable amount of HfO2 phase [24] . When carbonization temperature increases to 1450 °C (sample #4), the intensity of HfO2 peaks are largely reduced and peaks of HfC exhibit the highest intensity, indicating that near pure phase HfC powders are obtained and some of HfO2 is transformed into HfC and CO (Eq. (5)) at 1450 °C in vacuum [4, 23] .
Correspondingly, the HfO2 content reduces from 8.46 % to 4.57 % at 1450 °C (Table   1 ). However, when the carbonization temperature is further increased to 1500 °C (Sample #5), the HfC peak intensity of the as-synthesized powders decreases and the HfO2 content in the sample increases to 6.29 % (Table 1) . Additionally, the chemical element analyses show that the as-synthesized HfC powders contain 11.81 wt. % of total C, 2.49 wt. % O and 85.69 wt. % Hf, respectively. The presence of a slight amount of oxygen is attributed to the formation of HfO2. Due to the presence of residual oxygen, the further oxidation of formed CO is also expected to happen (Eq. (7)).
Raman spectra for the as-synthesized HfC powders with different carbonization temperatures are presented in Figure 3b . Three peaks at 333 cm -1 , 578 cm -1 and 640 cm -1 present in all spectra are assigned to the HfC phase [22] . The peaks at 132 cm only serve as a carbon source for the carbonization reaction but also act as a template for controlling the particle size and distribution of HfC powders. This mechanism can be attributed to the small carbon precursor particles offering the extended contact area for the reaction with hafnium powders, also limiting growth or agglomeration of the formed HfC particles [4] . of carbon [4, 27] . When the carbonization temperature is below 1400 °C , both the Hf-C for HfC nucleation and the diffusion of carbon precursor are slow. So, the nucleation and growth of HfC happen locally where the contact between Hf and carbon is made, resulting in an incomplete carbonization and inhomogeneous distribution of blocky HfC particles. At ~1400 °C , both the nucleation and growth rates increase, probably to an extent that the two are balanced, leading to a homogeneous distribution of HfC grains with an intermediate size. Moreover, at these low temperatures, Hf oxidation is more thermodynamically favored (Figure 4 ), resulting in a higher percentage of HfO2 (Table 1) . At 1450 °C , the nucleation and diffusion rates are further increased leading to possibly a faster nucleation than the growth of HfC. HfC crystallites with smaller size and homogeneous distribution can be formed. Additionally, the HfO2 impurity are carbonized by carbon precursor to form more HfC phase at 1450 °C (Eq. (3-6)) [27] . 19 With the increase of carbonization temperature, Hf evaporation can be enhanced to react with carbon precursors, resulting in the formation of HfC nanoparticles embedded in the carbon precursors. As the carbonization temperature increases to 1500 °C , the highest carbon diffusion rate is expected with an enhanced sintering effect, which leads to overall a slower nucleation than growth of HfC that again causes the coarsening of fine HfC particles. Raman spectra of the sintered HfC ceramics are shown in Figure 8b . The peak at 339 cm -1 are assigned to the HfC phase [22, 24] , in agreement with the XRD data. In 20 addition, two peaks at ~1347 cm -1 and ~1586 cm -1 are assigned to the D band and G band of amorphous carbon [22] , suggesting that the amorphous carbon remains after the sintering process. The elemental analysis reveals that the total carbon contents of the sintered HfC-C and HfC-C-15 vol. % SiCN ceramics were 11.45 wt. % and 15.20
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wt. %, respectively. The higher total carbon content of HfC-C-15 vol. % SiCN ceramics is mainly due to the introduction of the free carbon in SiCN powders. the presence of 2-5 nm HfC nanoparticles, which could help to limit the grain growth during the sintering; (3) the introduction of SiCN, which is expected to activate 22 grain-boundary diffusion and limit grain-boundary migration for the suppression of grain growth [19, 28, 32] . analyzed by the Weibull distribution function. Using Weibull's two-parameter distribution, the cumulative probability of failure (P) is presented as [35] : . Eq. (9) is usually written in a linear form.
The failure probability for each tested specimen is usually estimated using:
where N is the number of specimens, the fracture toughness data are organized from weakest to strongest and given a rank i with i=1 being the weakest specimen. Figure   11 shows the measured fracture toughness in the form of Weibull plots. The Weibull modulus is obtained to be 17.5 from the slope. The average value of the fracture toughness is 5.5 MPa m 1/2 . This value is higher than those reported for isotropic HfC or HfC ceramic composites measured by Vickers indentation test [2, 14, 18] . Although some other HfC based composites have been reported to possess a higher fracture toughness, they either had the good property only in a perpendicular direction [8] or used heavy metals as the secondary phase [13] , which increases the total weight and degrades the needed high temperature durability of ceramics. As with most of the ceramics, HfC with relatively higher compactness possess high hardness and Young's modulus, but low fracture toughness. Normal dense HfC is inherently strong but brittle, and often demonstrates extreme sensitivity to flaws [34] .
Decreasing the grain size by itself is not as effective in enhancing its fracture toughness as for other ceramic materials, as found for HfC [14] , Ta0.8Hf0.2C [15] and TaC-HfC [18] . Consequently, the way to improve the mechanical properties of HfC, especially for its fracture toughness, relies on incorporation of the secondary phases and at the same time the precise control of the microstructure of the sintered materials.
In our composite sample, the amorphous carbon with the turbostratic graphite structure ( Figure S2 ) is expected to be the softest [38] , and SiC with the bulk hardness 26 around ~30 GPa is the hardest phase [39] . HfC has the intermediate hardness of ~20
GPa and the varying carbon content is expected to further modify its hardness [40] as what is found for SiC [39] . Therefore, the higher fracture toughness obtained for our samples is believed to be related to the composite structure where multiple phases with different hardness properties form a uniform inter-penetrating 3D network at multi-length scales, a similar approach that many natural biological materials, such as bones, uses to achieve excellent mechanical properties [17] . The observed effect of adding secondary soft phase is also in agreement with previous studies where carbon is used to improve fracture toughness. For example, a SiC-C nanostructure increased the fracture toughness of SiC from 2.4 MPa m 1/2 to 4.0 MPa m 1/2 [33] . Additionally, the fracture toughness of ZrB2-SiC ceramics was improved effectively by incorporating carbon black [37] and the toughness of nanocrystalline boron carbide were improved by introducing soft amorphous carbon at grain boundaries [38] . In this work, this approach is optimized to further enhance the fracture toughness by achieving a homogeneous distribution of multiple phases with the graded hardness in a hierarchical structure. As a result, typical crack deflection, bridging and arrest 27 behavior are observed in our samples for the crack initiated by indentation (Figure 12 ), which are known to increase the tortuosity of the cracking path and enhance the resistance to crack growth [13, 14] , improving the toughness due to the extra energy needed for crack nucleation and propagation.
Conclusions
In summary, by effectively combining a facile synthesis of HfC nano-powders and the use of a novel sintering aid in SPS, the sintered HfC ceramics with a unique composite microstructure was successfully fabricated, leading to a greatly enhanced fracture toughness. The following conclusions can be drawn:
(i) The glucose-derived carbon precursor synthesized by hydrothermal method displays pyrolysis carbon structure (amorphous carbon) without other impurity. It exhibits good dispersibility and a fine particle size of 200-500 nm.
(ii) Uniform and fine HfC nanoparticles of ~300 nm were obtained at 1450 ºC by vacuum carbonization of Hf and the carbon precursor nanoparticles. The small carbon precursor not only acts as carbon source but also a template for tailoring the particle size and distribution of HfC powders.
(iii) The as-prepared HfC ceramic sintered with the 15 vol. % SiCN sintering aid possesses a unique composite structure where multiple phases with graded hardness form a uniform inter-penetrating 3D network at multi-length scales. This HfC ceramic sample shows a higher fracture toughness (5.5 MPa m 1/2 ) than that of the reported isotropic HfC samples [13, 17] . This preferable microstructure plays a significant role in crack deflection, bridging and arrest, promoting the stress release in the crack tip. 28 This work suggests that controlling the composition and microstructure to possess graded mechanical properties at different length-scales in UHTCs materials is an effective mechanism and route to improve the mechanical behavior for structural applications.
